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ABSTRACT:  In  order  to  improve  the  characteristics  of  batteries, 
it  has  become  necessary  to  gain  a  greater  understanding  of  bat¬ 
tery  separators  and  how  they  can  inhibit  the  motion  of  ions  and 
molecules.  This  report,  based  upon  a  three-month  literature 
survey,  reviews  some  of  the  theories  invented  to  explain  the 
transport  of  material  through  solutions  and  barriers.  Included, 
for  example,  are  the  major  fields  of  diffusion,  electrodiffu¬ 
sion,  irreversible  thermodynamics  and  reaction  rate  theory,  with 
specific  reference  to  the  work  of  Fuoss,  Laity,  Lamm,  de  Groot, 
Laidler  and  Eyring,  and  others.  This  report  is  intended  to 
serve  as  a  guide  for  future  research. 
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This  literature  survey  on  the  theories  of  mechanisms 
applicable  to  the  functions  of  battery  separators  has  been  con¬ 
ducted  as  a  part  of  a  Battery  Evaluation  and  Supporting 
Research  project  funded  by  Task  RUTO  3E000/212.  This  project 
is  directed  toward  understanding  and  improving  the  performance 
of  the  silver-zinc  battery.  A  study  of  the  ionic  species 
involved  in  the  battery  reactions  has  been  under  way  for  some 
time.  It  is  apparent  that  the  ionic  barrier  (sepa^^ntor)  used 
in  this  system  is  extremely  critical  to  the  successful  con¬ 
struction  of  a  battery.  In  preparation  for  a  program  expan¬ 
sion  into  a  separator  study,  the  readily  available  literature 
has  been  reviewed.  This  bibliography  of  pertinent  literature 
concerning  theories  of  separator  performance  is  submitted  as 
reference  material  for  planning  a  separator  study  program. 
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Captain,  USN 
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INTRODUCTION 

With  the  exception  of  some  fairly  recent  technical  reports 
from  industry,  the  volume  of  literature  pertaining  directly  to 
separators  is  quite  small.  And  unfortunately,  very  few  of  the 
technical  reports  are  concerned  with  the  fundamental  problems 
which  must  be  solved.  However,  since  the  passage  of  ions  and 
molecules  through  a  separator  is  basically  a  diffusion  problem, 
the  literature  has  been  searched  for  information  concerning 
diffusion,  especially  diffusion  through  barriers,  and  related 
topics  such  as  ionic  sire,  hydration  effects,  and  viscosity. 
During  this  study,  some  references  devoted  to  battery  separa¬ 
tors  were  naturally  discovered;  these,  and  a  few  of  the  better 
technical  reports,  are  also  included  in  the  bibliography. 

This  report  may  be  roughly  divided  into  two  main  sections, 
the  first  dealing  primarily  with  the  general  aspects  of  diffu¬ 
sion  and  membrane  transport,  the  theoretical  explanations,  and 
the  influencing  factors.  The  second  part  is  devoted  to  items 
of  a  more  specific  nature,  such  as  permselective  membranes, 
monolayers,  and  specific  papers  of  interest.  This  division 
emphasizes  the  two  main  approaches  which  may  be  followed  in 
future  research:  the  general  versus  the  specific.  Theoretical 
explanation  of  electrodiffusion  is  needed  in  addition  to  the 
detailed  knowledge  of  individual  systems  used  for  commercial 
applications. 


OBSTRUCTIONS  TO  THEORETICAL  PROGRESS 

Self-diffusion  and  the  binary-diffusion  of  "ideal"  liquids 
and  gases  are  well  known  phenomena  which  can  be  analyzed  by 
standard  methods,  although  the  careless  selection  of  boundary 
and  initial  conditions  can  make  this  very  difficult  mathemat¬ 
ically.  Literature  on  these  problems  is  plentiful,  both  in 
books  such  as  Crank’s  Mathematics  of  Diffusion.  Barrer’s  Diffu¬ 
sion  in  and  through  Solids  and  Jost’s  Pif^usTon  in  Solids. 
Liquids  and  Gases:  and  in  the  periodicals. Consequently, 
only  a  few  articles  pertinent  to  these  topics  are  mentioned 
here  or  included  in  the  bibliography.  The  situation  is  quite 
different  with  respect  to  the  diffusion  of  real  liquids  or  the 
electrodiffusion  of  ions  in  solution.  Knowledge  about  these 
systems  (equations  of  state,  etc.)  is  slight  compared  to  the 
understanding  of  gases  or  liquids  that  approximate  ideal 
behavior.  This  deficiency  is  a  serious  impediment  to  progress 
in  these  fields. 
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Probably  tha  graatast  obstruction  it  tha  dapandance  of 
diffusion  procassas  upon  anvironmant*  Any  changa  in  tha  physi¬ 
cal  or  chaaical  natura  of  a  diffusion  systam  can,  and  fra- 
quantly  doas,  altar  tha  rasults  significantly*  For  axampla, 
this  dapandanca  autonatically  pracludes  tha  simpla  axtansion  of 
diluta  solution  thaorias  to  mora  raalistic  cone antra tiona,  and 
it  prohibits  tha  study  of  complax  systans  by  decomposition  into 
simpla  units*  Linaarity  doas  not  apply  axcapt  in  cruda  approx¬ 
imations*  Honast  attempts  to  study  real  problems  without  sim¬ 
plification  are  few,  and  many  existing  studies  applicable  to 
dilute  solutions,  such  as  membrane  potential  theory,  are  useless 
at  higher  concentrations*  Binary  diffusion,  tha  diffusion  of 
one  substance  through  another  medium,  is  fairly  easy  to  treat 
using  Pick's  law  on  the  assumption  that  the  diffusion  constant 
is  independent  of  concentration.  However,  the  addition  of  a 
third  diffusing  substance  seriously  complicates  the  problem  by 
requiring  ^a  solution  of  two  coupled  partial  differential 
aquations*^*^^»^^2  subject  to  proper  initial  and  boundary 
conditions* 


F/«TORS  IN  TRANSPORT 

Before  continuing  with  a  more  detailed  discussion  of  the 
theories,  it  will  be  best  to  have  some  conception  of  the  many 
factors  and  mechanisms  involved  in  diffusion  and  membrane  prob¬ 
lems*  Incipient  theories  must  either  account  for  specifically, 
be  independent  (tacit  inclusion)  of,  or  neglect  these  factors. 
Unfortunately,  since  it  appears  impossible  to  include  specifi¬ 
cally  most  of  these  factors,  the  practice  is  often  to  neglect 
them,  giving  theories  w^ich  at  best  are  only  applicable  for  very 
special  cases*  Although  extensive,  the  following  list  of  trans¬ 
port  factors  cannot  be  called  complete. 

1*  Physical  size  and  shape  of  the  membrane  pores  and  the 
particles,  effective  surface  area  and  thickness  of  the  membrane, 
etc*  Many  of  these  topics  are  discussed  in  Scheidegger;^^^ 
ionic  g^ze  is  discussed  in  a  review  article  by  Stern  and 


2*  Relative  rate  of  adsorption  on  the  membrane  surfaces* 
Most  surface  chemistry  books  devote  considerable  space  to 
adsorption  phenomena  and  both  Crank'°  and  Barrer^^  discuss 
adsorption*  The  latter  is  the  better  reference  for  the  physi¬ 
cal  picture  (Chapter  IX),  particularly  for  cellulose  membranes* 

3*  Relative  rate  of  reaction  of  diffusate  with  electrode 
materials,  with  other  species  in  the  solution,  or  with  the  mem¬ 
brane  itself*  Crank  discusses  the  mathematical  aspects  of  the 
problem  (Chapter  8)  and  Bird,  Stewart  and  Lightfoot^  include 
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it  in  theix  general  eqtjations  and  present  a  number  of  problems 
involving  diffusion  with  chemical  reaction. 

4.  Concentration  differences — a  few  effects  of: 

a.  Osmotic  pressures. 

b.  Changes  in  the  diffusion  constants,^  mobilities 
(especially  when  ions  of  different  valence  are  present),  adsorp¬ 
tion  rates,  etc. 

5.  Formation  of  complex  ions. 

6.  Hydration; 

a.  Decrease  in  mobility  in  the  solution  and  in  the 
membrane  as  hydration  increases. 

b.  If  a  hydrated  ion  cannot  physically  pass  through 
the  membrane,  energy  mus+  be  supplied  to  remove  the  (ordered) 

water  molecules. 27,131,^9 

7.  Electronic  charge  of  the  ion,  especially  if  a  field  is 
present.  Jackson  and  Coriell'^  indicate  its  importance  even  in 
the  absence  of  an  imposed  electric  field;  it  is,  of  course, 
fundamental  in  electrodiffusion. 

8.  Magnitude  of  the  electric  current.®^ 

9.  True  ion-exchange  processes  (generally  an  increase  in 
permeability  as  the  exchange  sites  are  exhausted). 

10.  Electric  field  effects. 

a.  Electro-osmosis. 

b.  Ionic  current — magnitude  and  direction  of  ionic 
velocities. 

11.  Chemical  transport  by  coraplexing  with  a  carrier  mole¬ 
cule  or  by  comolexing  with  the  membrane  and  subsequently 
redissolving. 

12.  Proton-transfer  processes  T5B(p.57)  similar  type 
processes  for  hydroxyl  ion. 

13.  Convection  due  to  mechanical  forces. 

14.  Temperature  effects; 
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«•  At  a  first  approximation,  wt  may  suppose  the 
tamparatura  dapandanca  of  tha  diffusion  constant  to  be  of  the 
form  A^la'AE/kJ  as  suggested  by  Glasstona,  Laidler  and 
£yring«^0^vp«&22/  Exparimantal  evidence  for  simple  systems  is 
given  by  Bowers  and  Wilson28  and  Zowleski,  Eyring  and  Reese. 

b.  Convection  currents  from  heat  due  to  chemical 
reactions  and  resistance  to  current  flow. 

15.  Time  dependence  of  membrane  parameters: 

a.  Physical  clogging  or  chemical  destruction. 

b.  Swelling  <ind  degree  to  idiich  it  has  been  "wet.” ^20 

16.  Liquid  junction  and  phase  boundary  effects — barriers 
to  flow. 

17.  Electrical  double  layers. 

18.  Mass  flow  of  solvent: 

a.  Effect  increases  with  size  of  solvent  particles^^ 
and  is  an  aid  to  diffusion  if  both  are  in  the  same  direction. 

b.  Viscosity  of  the  fluid. 


FORCES 

In  a  free  solution  we  may  expect  three  general  types  of 
forces  to  contribute  to  the  movement  of  ions.  These  are  the 
frictional  forces  resulting  from  contact  between  particles  of 
different  velocity  and  the  chemical  and  electrical  forces 
resulting  from  gradients  in  the  concentration  (or  chemical 
potential)  and  the  electric  potential.  One  of  the  best  quali¬ 
tative  discussions  of  the  interplay  of  these  forces  is  pre¬ 
sented  in  an  article  by  Lalty^^  in  addition  to  his  mathematical 
treatment  of  the  same  problems.  A  siiqpie  exao^le  of  his  quali¬ 
tative  reasoning  which  is  simply  a  balancing  of  forces  is  given 
in  the  following  paragraph. 

Consider  the  steady  state  movement  of  positive  ions  in  a 
bath  of  neutral  solvent  molecules  through  a  thin  "stagnant  dif¬ 
fusion  layer"  to  a  negative  (planar)  electrode.  At  the  surface 
of  this  electrode  the  ion  concentration  is  zero  as  a  result  of 
chemical  removal.  There  are  few  negative  ions  compared  to  the 
number  of  solvent  molecules,  and  they  do  not  contribute  to  the 
current.  Consequently,  they  may  be  neglected  completely.  In 
the  steady  state  there  is  no  net  movement  of  solvent  molecules 
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and  since  the  molecules  are  neutral,  the  forces  due  to  friction 
and  the  concentration  gradients  must  be  equal  in  magnitude  and 
opposite  in  direction.  The  force  due  to  friction  results  from 
the  movement  of  the  positive  ions  through  the  solution  and  con¬ 
sequently  this  force  on  the  molecules  must  be  directed  toward 
the  electrode.  The  balancing  force  due  to  concentration  grad¬ 
ients  is  in  the  opposite  direction,  implying  the  solute  is  more 
concentrated  near  the  electrode  surface,  and  the  positive  ions 
less  concentrated.  This  yields  immediately  the  direction  of 
force  on  the  ion  due  to  its  concentration  gradient.  It  must  be 
toward  the  electrode  surface,  and  since  this  is  also  the  direc¬ 
tion  of  the  electrical  force,  the  frictional  force  must  be  in 
the  opposite  direction  (which  is  known  already  from  Newton’s 
third  law)  and  equal  in  magnitude  to  the  sum  of  the  other  two 
forces. 

Laity,  with  the  aid  of  diagrams,  applies  this  type  of 
reasoning  to  more  complex  systems  to  obtain  similar  qualitative 
results.  It  is  an  easy  and  valuable  way  of  viewing  problems 
which  should  also  be  applicable  to  phenomena  such  as  electro¬ 
osmosis  and  the  transport  of  ions  anc  molecules  through  mem¬ 
branes. 


REVIEW  OF  THEORIES 

In  the  following  paragraphs  some  of  the  more  important 
theories  related  to  the  transport  of  matter  through  membranes 
will  be  discussed.  Their  order  of  appearance  reflects  a  desire 
to  index  them  according  to  both  popularity  and  vintage,  and 
consequently  should  not  serve  as  a  basis  for  judgment. 

A.  Hydrodynamic 

The  extension  of  hydrodynamic  laws — the  most  popular 
victim  appears  to  be  Poiseuille’s  law — to  membranes  is  a  proce¬ 
dure  which  occurs  far  too  frequently  in  separator  studies,  as 
can  be  seen  from  the  industrial  technical  reports.  This  exten¬ 
sion  begins  with  a  simplified  model  for  the  membrane  and  the 
permeating  substances,  and  the  generally  false  hope  that  nothing 
essential  has  been  omitted.  The  most  common  yet  most  unrealis¬ 
tic  model  assumes  the  membrane  can  be  represented  as  a  bundle 
of  thin,  cyclindrical,  chemically  unreactive  capillary  tubes 
and  that  the  permeating  substance  may  be  represented  as  a  liq¬ 
uid  composed  of  spheroidal  particles.  A  simple  application  of 
Poiseuille’s  law  to  data  on  the  rate  of  water  flow  through  the 
membrane  (with  a  known  pressure  gradient)  determines  the  "pore 
radius."  The  pore  radius  value  obtained  in  this  fashion  prob¬ 
ably  represents  the  actual  average  physical  dimensions  of  the 
pores  (if  they  exist)  to  within  an  order  of  magnitude  and 
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perhaps  much  closer.  The  simplicity  of  both  the  mathematics 
and  the  experimental  work  makes  this  a  valuable  method  for  ob¬ 
taining  such  estimates  of  the  physical  dimensions.  However, 
the  assumption,  even  in  the  most  elementary  cases,  that  one 
substance  will  pass  through  the  membrane  easier  than  another, 
based  upon  comparison  of  the  pore  size  with  the  particle  radius, 
is  nonsense  (even  when  the  particle  radius  is  larger  than  the 
measured  pore  radius).  Some  surprise  is  justified  in  elemen¬ 
tary  situations  if  the  larger  particles  are  transferred  more 
rapidly  than  the  smaller,  but  not  in  the  complex  cases.  When¬ 
ever  this  phenomenon  occurs,  it  is  an  indication  that  mechan¬ 
isms  other  than  mere  physical  screening  are  important.  For 
this  reason,  size  measurements  may  be  very  useful.  Realization 
of  the  shortcomings  of  this  membrane  model  has  led  to  the 
introduction  of  parameters  like  tortuosity^®  and  effective 
surface  area  which  probably  improve  the  accuracy  of  the  results 
somewhat,  although  they  cannot  cover  the  basic  faults  of  this 
approach. 

Another  model  frequently  employed  assumes  that  the 
membrane  can  be  represented  as  a  bed  of  packed  spheres.  For 
discussion  of  the  water  flow  through  sand  beds,  glass  bead 
columns  and  porous  rocks  resulting  from  "pressure  gradients" 
this  is  a  fairly  realistic  model,  but  its  extension  to  other 
types  of  barriers  and  other  types  of  driving  forces  (electro¬ 
chemical  gradients)  is  unjustified  and  can  only  lead  to  failure. 

For  further  information  on  membrane  models  and  the  hydro- 
dynamic  method  of  analysis  the  best  reference  is  The  Physics  of 
Flow  through  Porous  Media  by  Scheideggsr An  example  of  a 
more  detailed  analysis  of  a  specific  problem  is  given  by 
Goodknight,  Kilkoff  and  Fatt.^^  More  on  the  positive  side, 
Solomon's  worki®^  indicates  Poiseuille's  law  may  be  applied  to 
microscopic  capillaries,  thus  supporting  its  use  in  certain 
types  of  problems.  Additional  references  are  available  in  the 
American  Institute  of  Chemical  Engineers  Journal. 

B.  Membrane  Potential 

Much  of  the  literature  on  membranes  is  devoted  to  membrane 
potentials  and  related  topics  such  as  Donnan  equilibrium  theory. 
The  membrane  potential  is  the  voltage  across  the  membrane  which 
occurs  when  it  separates  solutions  of  electrolytes  having  any 
concentration  differences.  The  origin  of  the  membrane  potential 
is  attributed  to  differences  in  the  rate  of  diffusion  of  ions 
across  the  membrane  which  upsets  the  electrical  neutrality  of 
the  solution. 

The  analysis  of  this  potential  is  generally  based  on  the 
Nernst  equation  (or  very  similar  equations)  with  occasional  use 
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of  the  Donnan  theory.  Most  of  the  work  follows  closely  the 
early  efforts  of  Michaelis,  Teorell,  and  Meyer  and  Sievers, 
based  on  the  theory  of  liquid  junction  potentials.  The  discus¬ 
sion  of  liquid  junction  potentials  by  MacInnis^^B  and  the 
articles  by  Wvllie,^ '2,173  also  containing  a  review  of  the  work 
of  Marshall^l^  and  Sollner ,^^2-152  are  good  examples  of  this 
approach ,  Provided  the  membrane  potentials  and  chemical  acti¬ 
vities  are  known,  the  determination  of  mobility  ratios  for  ions 
in  simple  systems  such  as  NaCl  solutions  becomes  possible. 
Unfortunately,  in  systems  of  more  than  three  diffusing  ions, 
especially  if  there  are  several  (different)  valence  magnitudes, 
the  equations  become  too  complex  to  allow  any  simple  determina¬ 
tion  of  these  ratios.  There  are  also  questions  about  the 
validity  of  this  approach,  especially  in  very  strong  solutions, 
and  the  drawback  that  mobilities  are  not  determined  under 
conditions  of  constant  current. 

The  Meyer-Teorell-Sievers  (M.T.S.)  theory  is  the  most 
popular  explanation  of  membrane  potentials,  but  there  are 
other,  more  sophisticated  methods,  Kobatak€,®l»®2  foj  example, 
derives  expressions  for  the  voltage  and  permeation  rates  of 
ions  from  the  entropy  production  in  the  membrane.  A  more 
recent  discussion  of  membrane  potentials  is  given  by  Hills  et 
ai68,69  who  reformulate,  in  terms  of  present  concepts,  the  old 
theories  of  Scatchard  and  M.T.S,  Additional  references  given 
in  the  bibliography  are  the  articles  by  Berasma  and  Staverman,23 
Helff erich,bl  Meyer, 1^8  Nagasawa  et  Sollner  et 

ail49,150  grjd  Spiegler  et  al.lb6 

C.  Reaction  Rates 

There  are  two  basic  theories  to  be  discussed  in  this 
section,  both  developed  principally  by  Laidler  and  Eyring, 

These  are  "reaction  rate"  theories  for  the  diffusion  of  mole¬ 
cules  in  solution  and  through  membranes, 

Laidler  and  Eyring ’s  theory  of  liquid  diffusion  is  based 
on  a  lattice-like  structure  for  the  liquid,  with  some  lattices 
occupied  by  molecules  and  others  vacant.  Each  molecule  is 
assumed  to  occupy  a  small  space  and  to  interact  only  with  its 
immediate  neighbors. Diffusion  then  occurs  by  the  lumping 
of  a  molecule  to  a  vacant  site.  These  sitesi^®vp.518;  are 
considered  as  potential  wells  separated  from  each  other  by  a 
distance  X  (considering  here  only  one  direction).  Then,  if 
the  concentration  at  the  first  site  is  C,  at  the  next  site  in 
the  direction  of  diffusion  it  is  C  +  x(dC/dX),  The  number  of 
molecules  moving  in  the  direction  of  diffusion  per  sq.  cm.  per 
sec.  is  v+  -  NoCxk,  where  Nq  is  Avogadro's  number  and  k  is 
the  specific  rate  constant  for  diffusion.  Similarly,  for  the 
reverse  motion  we  have  vj^  »  x(dC/dX)]xk.  Consequently, 
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the  net  flow  is  v  *  -Npx  k(clC/dX)  which  requires  only  a  few 
changes  of  units  to  be  the  familiar  expression  of  Pick's  law 
with  D  *  X^k.  Further  refinements  of  this  are  discussed  in 
Chapter  IX  of  The  Theory  of  Rate  Processes. This  technique 
is  developed  further  by  Zowlanski,  Eyring  and  Reese, who  use 
it  to  discuss  membrane  permeability. 

In  three  articles,  Laidler  and  Schuler®^"^®  discuss  mem¬ 
brane  permeability  and  related  problems.  They  start  by  assum¬ 
ing  the  solutions  on  each  side  of  the  membrane  are  highly 
stirred,  so  that  the  rate  determining  steps  are  adsorption  and 
desorption  at  the  membrane- solution  interface  and  diffusion 
through  the  membrane.  If  N  *  the  mole  fraction  of  solute  in 
the  solution  and  N*  *  the  mole  fraction  of  the  solute 
adsorbed  on  the  membrane  face,  then  the  rate  of  adsorption  is 
given  by  vi  »  k]^N(l-N'),  That  is,  V]^  is  proportional  to  the 

concentration  of  solute  in  the  solution  and  to  the  number  of 
sites  available  for  molecules  to  be  adsorbed  on  the  membrane 
face.  The  rate  of  desorption  is  simply  *=  k.^N’.  Using 

solutions  to  the  diffusion  equation  by  other  authors,  Eyring 
and  Schuler  justify  the  assumption  that  the  rate  of  diffusion 
into  the  solid  membrane  is  vo  *  koN',  where  ko  is  a  function 
of  the  diffusion  constant.  Then,  if  the  rate  of  entry  into  the 
solid  is  much  greater  than  the  rate  of  change  of  concentration 
of  molecules  on  the  interface,  a  steady  state  process  occurs. 
Hence, 


-  N»)  -  k^^N’  -  k2N'  =  0 

Solving  this  equation  for  N*,  the  rate  of  entry  into  the 
membrane  is  found  to  be 


V  *  kj^k2N/(k2N  +  +  k2) 


With  this  equation  as  a  starting  place,  Laidler  and  his  co¬ 
workers  discuss  a  number  of  important  membrane  problems. 

Glasstone,  Laidler  and  Eyring^^^^PP*^^^"^"^^  extend  the 
"rate  process"  method  to  electrolytes,  giving  the  following 
expressions  for  the  conductance  and  the  diffusion  constant 
(for  a  single  univalent  electrolyte). 
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Some  supporting  experimental  evidence  for  these  equations  is 
mentioned  by  these  authors.  These  results  are  only  applicable 
to  "simple"  electrolytes. 

D.  Diffusion 


Use  of  the  diffusion  equation  in  either  of  its  two  forms, 
the  first  known  widely  as  Pick’s  law,  is  the  most  common 
approach  to  analysis  of  the  movement  of  material  through  mem¬ 
branes.  Pick’s  law  assumes  that  the  rate  of  transfer  of  the 
diffusing  substance  (diffusate)  through  a  surface  of  unit  area 
is  proportional  to  the  concentration  gradient;  that  is. 


J 


* 


where  D  is  the  diffusion  constant.  A  simple  application  of  the 
"conservation  of  matter"  to  an  infinitesimal  rectangular  volume 
element  then  gives  the  standard  form  of  the  diffusion  equation 
for  isotropic  media; 


=  div  (D  grad  C) 

which  becomes 

o  t 

if  D  is  independent  of  concentration.’^^^PP*^”^)  This  form  of 
the  diffusion  equation  is  strictly  applicable  only  to  self-  and 
binary-diffusion  situations  and  these  must  be  free  from  the 
added  complication  of  chemical  reaction  and  electric  field 
effects.  If  a  diffusion  system  consists  of  (n  +  1)  substances, 
there  must  be  a  diffusion  equation  for  each  species,  and  it 
must  contain  terras  to  account  for  the  presence  of  the  other  n 
components.  This  is  frequently  neglected. The  resulting 
system  of  equations  can  be  summarized 

^  =  L  i  .  .  .  (n+1) 

j=l 

One  of  these  equations,  say  the  (n+l)®^  can  be  eliminated  by 
conservation  principles  directly  or  by  use  of  the  equation  of 
continuity,  giving  a  system  of  n  coupled  equations.  For  binary 
diffusion,  with  the  solute  and  the  supporting  solvent,  this 
reduces  to  the  familiar  diffusion  equation. T9  Some  authors 
prefer  to  express  the  interdependence  by  addition  of  extra 
terms  representing  the  friction  between  molecules  of  different 
species.  These  terms  give  the  equations  a  strong  resemblance 
to  the  phenomenological  relations  of  Irreversible  Thermodynamics 
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(from  which  they  probably  originated).  A  typical  examole  of 
this  type  of  alteration  is  given  by  Meares  and  Ussingi^5,106  as: 


Additional  modification  is  required  rf  chemical  reaction  occurs 
in  the  system.  Bird,  Stewart  and  Lightfoot^®  give  an  excellent 
derivation  of  a  general  diffusion  equation  which  provides  for 
chemical  reaction  and  other  complicating  factors  in  Chapter  18 
of  their  text.  The  more  typical  treatment,  discussed  fully  in 
Chapter  8  of  Cra.nk^®  involves  the  simple  addition  of  a  rate 
term  characteristic  of  the  chemical  reaction  to  the  right  side 
of  the  diffusion  equation.  order  immobilizing 

reaction,  the  equation  becomes **'P**^^/ 

1^  *  D7^  -  kC. 

This  type  of  reaction  may  be  responsible  for  the  concentration 
dependence  of  D  in  some  systems. If  chemical  reaction  occurs 
only  at  electrode  sxirfaces,  it  may  be  treated  as  a  boundary 
condition  for  the  ordinary  diffusion  equation  bv  assuming  the 
diffusate  concentration  is  zero  at  the  surface, The  addi¬ 
tional  changes  required  by  electrical  potential  gradients  exist¬ 
ing  in  electrolytic  solutions  will  be  discussed  under  ’’electro- 
diffusion”  (section  F). 

It  must  be  remembered  that  diffusion  constants  are  func¬ 
tions  of  concentration,  temperature  and  physical  and  chemical 
environment  in  general.  Consequently,  when  the  diffusion 
equation  is  applied  to  a  system  in  v«^ich  a  membrane  separates 
two  "distinguishable”  solutions,  a  separate  equation  must  be 
applied  to  each  of  the  three  individual  regions.  The  final 
solution  is  then  obtained  by  matching  the  solutions  for  each 
region  to  the  boundary  conditions  such  as  continuity  of  flow 
and  concentration,!' 

In  connection  with  the  diffusion  equation,  there  are  two 
subjects  which  sometimes  cause  confusion.  The  first  is  purely 
a  physical  problem:  that  of  deciding  whether  the  transfer  of 
material  is  the  result  of  diffusion  or  bulk  permeation. 

Unless  there  is  a  hydrostatic  pressure  gradient,  it  is  fairly 
safe  to  assume  the  transport  is  by  diffusion.  The  second  con¬ 
cerns  the  basic  formulation  of  the  diffusion  equation.  Some 
authorsiB,7B,18  assume  the  driving  forces  are  concentration 
gradients,  while  others  use  the  gradient  of  the  chemical 
potential. Even  assuming  that  the  standard  relation 
between  chemical  potential  and  activity  (concentration)  is  valid. 
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D  becomes  a  function 

d  log  a 
d  log  C  * 

Proper  understanding  of  this  problem  is  necessary  for  the  study 
of  real  systems. 

One  of  the  useful  features  of  the  diffusion  equation  is 
the  presence  of  the  arbitrary  parameter  D,  which  is  used  to  fit 
the  same  equation  to  very  different  situations.  This  gives  the 
diffusion  equation  a  certain  freedom  (like  thermodynamics)  from 
the  many  contributing  factors.  The  diffusion  constant  is  gen¬ 
erally  determined  experimentally,  and  it,  together  with  the 
differential  equations  and  the  boundary  and  initial  conditions, 
characterize  the  (non-electrical)  system  entirely.  There 
remains,  of  course,  the  minor  problem  of  solving  the  system  of 
equations.  Ideally,  however,  one  would  like  to  make  the  diffu¬ 
sion  equation  completely  determinate  by  evaluation  of  the 
constant  from  theory.  Unfortunately,  even  partial  success  in 
this  area  has  been  limited  to  the  diffusion  of  gases  and  simple 
liquid  systems.  The  best  known  expression  of  this  type  results 
from  an  application  of  Stoke 's  law  made  by  Einstein  and 
others,'”  which  gives: 


D  =  RT/6TTTirN  . 

Another  familiar  expression  for  the  diffusion  constant  is  given 
by  Glasstone,  Laidler  and  Eyring^®BvPP*^22-5)  as 

D  =  x^k  , 


where 

k  =  f(T)e"®o^‘^^  . 

A  basic  problem  in  this  case  is  knowledge  of  the  parameter  X. 
These  expressions  and  several  others  are  discussed  in  the 
review  by  Johnson  and  Bab. They  are  primarily  useful  only 
for  work  with  simple  fluids  or  mixtures  of  such  fluids.  Other 
expressions  are  available  for  more  complex  solutions  but  they 
are  often  unreliable  and  difficult  to  evaluate. In  Chapter  X 
of  their  book,  Glasstone,  Laidler  and  EyringlOB  discuss  diffu¬ 
sion  in  electrochemical  systems  and  derive  the  diffusion  con¬ 
stant  for  simple  electrolytes  in  the  presence  of  electric 
fields.  Another  good  discussion  of  the  diffusion  of  charged 
particles  is  given  by  Jost.liB(pp. 139-143) 

There  are  four  basic  references  on  diffusion^^*^® 
which--because  they  are  invaluable  to  workers  in  the  field-- 
deserve  discussion  in  this  paper.  The  Mathematics  of  Diffusion 
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by  Crank  rls,  as  the  title  implies,  basically  a  mathematics  book. 
Crank  sei*iCts  systems  possessing  initial  and  boundary  condi¬ 
tions  thf.t  can  be  easily  expressed  in  rectangular,  cylindrical 
or  sphc.ical  coordinants  and  shows  the  detailed  mathematical 
solution.  The  antithesis  of  this  in  approach  is  Diffusion  in 
and  through  Solids,  by  Barrer,  w^ich  uses  mathematics  only  to 
explain  physical  problems.  The  last  of  the  three  “classic" 
texts  is  Diffusion  in  Solids.  Liquids  and  Gases,  by  Jost.  It 
covers  a  wider  range  of  physical  topics  than  either  of  the 
others  and  makes  greater  use  of  mathematics  than. Barrer ’s  text. 
Transport  Phenomena,  by  Bird,  Stewart  and  Lightfoot,^^^  is  an 
entirely  different  type  of  book.  It  is  a  chemical  engineering 
text  and  as  such  it  is  oriented  towards  problems.  However,  it 
gives  probably  the  finest  derivations  of  the  general  transport 
equations  that  are  available  in  print.  Mass  and  energy  flow, 
diffusion,  and  the  interplay  of  these  three  transport  mechanisms 
are  discussed  theoretically  and  in  the  solutions  to  hundreds  of 
example  problems,  making  this  an  extremely  valuable  reference, 

E,  Non-Electrodiffusion  of  Ions 

The  diffusion  of  ions  in  the  absence  of  an  electric  field 
is  a  problem  intermediate  between  that  of  diffusion  of  simple 
fluids  and  that  of  electrodiffusion.  The  requirements  of  elec¬ 
troneutrality  and  conservation  of  charge  often  allow  electro¬ 
lytes  to  be  treated  as  non-electrolytes,  although  with  some 
special  privileges.  Many  solutions,  for  example,  such  as 
KCl-NaCl  in  water  can  be  viewed  as  ternary  diffusion  systems, 
where  Na^  and  K”*"  move  through  a  medium  of  water  and  chloride^ 
ions,^®»^' However,  as  the  papers  by  Lifson  and  Jackson^^ 
and  Jackson  and  Coriell'^  illustrate,  the  electrical  forces  of 
attraction  and  repulsion  between  ions  or  between  ions  and  mole¬ 
cules  (hydration)  cannot  be  forgotten.  These  authors  assume  a 
lattice-like  structure  for  the  solution  with  an  electric  poten¬ 
tial  that  is  a  periodic  function  of  the  space  coordinants  as  a 
consequence  of  the  structure*  This  solution  model,  which  is 
basically  a  perturbation  of  the  crystal  type  structure  (sx...ilar 
to  Laidler’s  model)  implies  too  strong  an  influence  for  the 
electrical  forces.  The  results,  however,  are  interesting  and 
should  be  useful  qualitatively.  As  a  consequence  of  the  struc¬ 
ture,  diffusing  ions  are  subjected  to  a  periodic  potential 
which  strongly  affects  the  observed  diffusion  constant.  Lifson 
and  Jackson,  using  the  method  of  Pontyagin  et  al,  conclude,  for 
one  dimensional  problems,  that  the  diffusion  constant  is  always 
less  than  it  would  be  if  the  potential  did  not  exist.  Using  a 
different,  but  very  interesting,  technique,  Jackson  and  Coriell 
arrive  at  the  same  conclusion  for  the  three  dimensional  case. 
They  also  find,  among  other  conclusions  of  interest,  that  the 
diffusion  constant  is  greater  for  particles  moving  through 
potential  maxima  than  through  potential  minima;  this  is 
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explained  qualitatively  by  saying  the  particle  is  less  likely 
to  be  trapped. 


F.  Electrodiffusion 

The  problem  of  electrodiffusion — the  diffusion  of  ions  in 
an  electric  field— has  been  approached  in  many  different  ways, 
some  of  which  are  reviewed  here.  The  selection  has  been  made 
on  the  basis  of  usage  and  possible  merit. 

One  of  the  earliest  papers  of  note  in  this  field  was  writ¬ 
ten  by  H.  J.  S.  Sand^^"^  and  published  in  1901.  In  this  paper 
electrodiffusion  is  treated  as  "ordinary  diffusion"  under  the 
assumption  that  the  changes  of  concentration  are  neutralized  by 
the  diffusion  that  takes  place  according  to  Pick’s  law,  which 
is  not  affected  by  the  passage  of  current  through  the  liquid. 

The  electric  field  effects  are  then  included  as  boundary  condi¬ 
tions. 

A  frequent  assumption  in  many  types  of  diffusion  problems 
is  that  the  molecules  or  ions  reach  a  steady  velocity  (as  in  the 
derivation  of  Stoke-Einstein  relation  for  d)  due  to  a  balance 
between  the  driving  forces  and  a  resistive  force  which  is  gen¬ 
erally  assumed  to  be  proportional  to  the  velocity.  Consequently, 
with  the  neglect  of  the  dv/dt  term,  the  equation  of  motion  may 
be  easily  solved,  giving  the  velocity  proportional  to  the 
driving  force.  From  here  it  is  only  a  short  step  to  an 
expression  like  J  =  Et+/zFR,  where  J  is  the  rate  of  diffu¬ 
sion  through  a  membrane. 8^ 

The  Nernst  equation,  either  directly  or  in  one  of  its 
modified  forms  (Henderson  equation,  Nernst-Planck  equation, 
etc.),  is  frequently  applied  to  electrodiffusion  problems.  One 
example  of  this  (mentioned  earlier)  is  its  use  in  determining 
ionic  mobilities  in  membranes  from  the  membrane  potential. 

Another  example,  which  is  worth  mention  on  its  own  merits,  is 
from  a  paper  by  Davies. 39  He  found  experimentally  that  the 
rate  at  which  a  salt  passes  through  a  phase  boundary  between 
liquids  is  proportional  to  (kiCi  -  k2C2) f  where  ki  and  k2  are 
constants  and  and  C2  are  the  concentrations  on  the  two  sides 
of  the  boundary.  The  basic  equation  used  is  a  highly  modified 
Nernst  equation  having  the  form; 


where  v  is  the  velocity  and  u  the  mobility  of  the  ion  in  ques 
tion.  An  interesting  result  is  that  an  interface  10  A  thick 
can  decrease  the  ionic  mobility  by  a  factor  of  (say)  10®, 
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Many  authoxs  use,  instead  of  the  concentxation  gxadients, 
the  gxadient  of  the  chemical  potential.  This  may  be  caxxied  a 
fuxthex  step  with  the  use  of  the  electxochemical  potential, 105 
which  includes  both  the  usual  chemical  potential  texm  and  a  texm 
xepxesenting  the  electxic  potential.  That  is, 44 

+  Z.fpdcp 

whexe  the  fixst  texm  on  the  xight  is  the  non-electxical  paxt 
and  cp  is  the  electxic  potential.  It  might  appeax  in  the  diffu¬ 
sion  equation  as 

. 

This  is  quite  similax,  when  expanded,  to  the  Nexnst  equation 
shown  above,  and  when  put  in  the  foxm  of  the  second  diffusion 
equation,  to  the  expxessions  used  by  Bak  and  Kaumanl®  in  theix 
txeatment  of  electxodiffusion.  A  continuation  of  the  woxk  of 
Bak  and  Kauman,  beginning  with  a  coxxection  of  an  error  in  the 
integrated  equations,  is  given  by  Scholten  and  Mysels.l^^ 

The  field  of  electxoanalytic  chemistry  contains  some 
literature  which  is  applicable  to  electxodiffusion  problems  of 
interest.  The  articles  included  here  fox  reference  are  by 
Bowers  et  al,28,29  Delahay  et  al,2b»40,41  by  Markowitz  and 
Elving.l^l  Of  particular  interest  is  a  paper  by  Bowers  and 
VUlson28  and  a  paper  covering  similar  material  by  Delahay  and 
Mamantow.41  Bowers  and  Wilson  discuss  a  situation  in  which 
the  electrode  being  studied  is  wrapped  tightly  with  cellophane. 
They  make  the  fundamental  assumption  that  the  rate  controlling 
step  is  diffusion  through  the  membrane.  Then,  the  concentra¬ 
tion  of  the  electrolyte  between  the  electrode  and  the  cello¬ 
phane  is  zero  as  a  result  of  rapid  chemical  removal,  and  is 
equal  to  ’’C"  at  all  other  parts  of  the  solution  exterior  to 
the  membrane.  Since 

j  ■  < 

in  the  membrane  and  i  =  JnFA,  when  a  steady  state  is 
achieved,  the  expression  (used  as  a  boundary  condition) 

i  =  nFDA(|S) 

X=0 

is  valid.  In  this  case,  the  approximation  (dC/dX)xs=o  =  C/1 
is  probably  quite  accurate.  If  the  factor  A/1  is  known,  the 
procedure  gives  a  fairly  easy  method  for  evaluation  of  D  for 
the  current  carrying  ions  in  the  membrane.  This  same  type  of 
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procedure  should  be  applicable  to  stirred  solutions  (although^^^ 
stirring  may  alter  results)  separated  by  a  membrane,  the  only 
change  being  the  replacement  of  C  by  aC,  Additionally,  Bowers 
and  Wilson  discuss  the  effect  of  area  on  current,  the  evalua¬ 
tion  of  diffusion  constants  by  the  rate  of  approach  to  steady 
state,  and  by  a  small-time  approximation  (not  requiring  knowl¬ 
edge  of  A/1),  the  determination  of  the  amount  of  cadmium 
adsorbed  by  the  cellophane  from  differences  between  predicted 
and  experimental  results,  and  the  temperature  dependence  of  the 
diffusion  constant. 

Most  of  the  present  fundamental  research  in  the  field  of 
electrodiffusion  is  divided  between  three  different  types  of 
approaches.  These  three  are  well  represented  by  the  work  of: 

1.  Fuoss;  a  hydrodynamic  attack  based  on  the  Navier- 
Stokes^°^^  equation,  ionic  size  and  shape,  etc,^® 

2.  Laity:  whose  wcrk^^, 90,91  is  an  application  of  the 
irreversible  thermodynamics  of  Onsager,  de  Groot  and  others 
(about  which  more  will  be  said),  and 

3.  Lamm:  who  develops  the  concept  of  friction  coeffi¬ 
cients  and  uses  them  to  modify  the  diffusion  equation.  There 
is  also  some  appeal  to  irreversible  thermodynamics, 92, 93, 94 

The  omission  of  a  detailed  review  of  these  theories  in 
this  paper  is  not  an  indication  that  they  are  insignificant; 
the  reverse  is  actually  true.  Any  individual  doing  research 
on  electrodiffusion  problems  should  at  least  be  familiar  with 
them.  Unluckily,  the  subject  of  membranes  is  rarely  introduced 
in  this  work,  although  Duncan's  paper^'^  is  an  exception; 
electrodiffusion  has  enough  difficulties  of  its  own.  Some 
other  researchers  utilizing  these  approaches  are  Meares  and 
Ussing,^^^*^^^  Hills  et  al,^°»^^  Dunlop,^'  Dunlop  and  Gosting,^^ 
and  Miller. 


G.  Statistical  Mechanics 

/■'.s  with  the  current  theories  of  electrodiffusion,  little 
can  be  said  here  on  the  application  of  Statistical  Mechanics 
applied  to  diffusion  and  membrane  transport  problems.  The 
theory,  as  might  be  suspected,  is  far  better  developed  for 
gases  than  for  even  the  simplest  liquids.  The  literature  on 
this  subject  is  somewhat  meager,  although  activity  is,  appar¬ 
ently,  increasing.  Some  references  in  the  field  which  provide 
helpful  bibliographies  in  addition  to  useful  information  are 
the  books  by  Cox^B  and  Prigogine^^^  and  the  paper  by  Bearman.22 
The  first  of  these.  Statistical  Mechanics  of  Irreversible  Change 
by  R.  T  ^ox,  is  an  excellent  little  book  which  devotes  se;verai 
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chapters  to  the  discussion  of  Brownian  motion  and  transport 
phenomena.  The  second,  a  recent  monograph  entitled  "Non- 
Equilibrium  Statistical  Mechanics"  by  Prigogine,  takes  the  more 
modern  approach  of  irreversible  thermodynamics.  The  paper  by 
R.  J.  Bearman  examines,  from  the  standpoint  of  statistical 
mechanics,  the  equation  of  Eyring,  Hartly  and  Crank,  and/or 
Gordon,  with  respect  to  the  concentration  dependence  of  the 
diffusion  constant  in  lipid  solution.  It  gives  a  good  picture 
of  the  state  of  development  of  this  mode  of  analysis.  Although 
statistical  mechanics  is  a  comparatively  unpopular  approach  as 
a  result  of  the  training  necessary  and  the  mathematical  barriers 
to  rapid  progress,  it  will  probably  be  much  more  important  in 
the  future  as  a  result  of  the  desire  to  link  macroscopic 
phenomena  with  microscopic  behavior. 

H.  Irreversible  Thermodynamics 

Irreversible  thermodynamics  in  the  form  usually  applied  to 
diffusion  and  electrodiffusion  is  discussed  in  the  famous  book 
by  de  Groot®°  and  in  the  more  recent  work  by  de  Groot  and 
Mazur. Another  recent  and  very  sophisticated  discussion 
which  is  slanted  toward  statistical  mechanics  is  available  in 
the  monograph  by  Prigogine. Applications  of  this  subject  to 
practical  diffusion  problems  are  given  in  references  mentioned 
in  the  last  paragraph  of  the  discussion  of  electrodiffusion 
(section  F). 
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where  the  flows  are  linearlily  related  to  the  forces  Xj  and 
the  sum  is  over  all  the  species,  is  representative  of  the”^ 
equations  found  in  this  formulation  of  flow  problems.  The 
"phenomenological  coefficients"  Lij  are  symmetric;  that  is, 

Lij  =  Lji.  These  are  known  as  the  Onsager  reciprocity  rela¬ 
tions.  In  addition  to  being  linear  (and  integral),  equations 
of  this  form  place  no  unv/arranted  emphasis  on  a  limited  number 
of  flows  (an  advantage  of  Lagrange  Multipliers)  and  they  are 
readily  susceptible  to  treatment  by  matrix  methods. 


The  linear  equations  are  not  restricted  to  flow  rates 
alone.  For  example.  Laity  uses  the  following  expression  for 
the  gradient  of  the  electrochemical  potential; 


where  the 


are  friction  coefficients  and  the  are 
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velocities.  The  rate  of  entropy  production  inside  systems 
undergoing  dissipative  processes  is  given  by  Millerll2  and 
similarly  by  de  Groot^®  as 

is  =  ^  J.X.  . 

1  ^  ^ 

The  existence  of  these  linear  relations  seems  to  imply  that 
irreversible  thermodynamics  is  applicable  only  to  steady  state 
processes.  This  contention  is  supported  by  the  absence  of  a 
time  factor  in  the  equations  and  also  the  proportionality 
between  velocities  and  forces  which  is  reminescent  of  results 
of  other  steady  state  approximations.  Consequently,  this 
theory  cannot  be  applied  to  analyze  the  transient  behavior  of 
systems.  This  should  not,  however,  seriously  restrict  its  use 
in  the  study  of  battery  type  problems  in  which  currents  often 
exist  for  relatively  long  periods  of  time. 


RESTRICTED  PROBLEMS 

This  completes  the  discussion  of  the  theoretical  approaches 
to  membrane  behavior  and  transport  problems;  it  certainly  does 
not  include  all  the  methods  of  analysis,  but  it  does  cover  the 
main  categories.  The  remainder  of  the  paper  is  devoted  to  more 
specific  topics,  some  theoretical  and  others  experimental. 

I.  Selective  Permeability 

One  such  problem  which  certainly  deserves  study  (theoret¬ 
ical  and  experimental)  is  the  determination  of  the  mechanisms 
which  allow  a  membrane  to  pass  some  ions  or  molecules,  while  it 
partially  or  completely  restricts  the  motion  of  others.  It  is 
a  problem  which  must  be  studied  for  each  individual  membrane 
and  each  solution  (even  if  only  the  concentrations  are  differ¬ 
ent).  Evidence  for  this  last  statement  is  plentiful.  For 
instance,  Sollner^^^"^^2  describes  membranes  which  are  perma- 
selective — they  inhibit  completely  either  the  motion  of  all 
cations  or  all  anions.  Hov;ever,  Kressman  and  Tye°^  discuss 
membranes  of  this  type  but  state  they  are  completely  selective 
only  in  certain  concentration  regions.  Size  restrictions  occur 
in  the  classic  osmotic  pressure  and  Donnan  equilibrium  experi¬ 
ments,  but  it  is  one  of  the  least  important  factors  in  function 
of  the  separator  for  the  silver  oxide-zinc  battery.  This 
cellophane  separator  apparently  restricts  the  motion  of  silver 
ions  by  reducing  them  to  silver  metal. Evidently,  the 
question  of  mechanism  is  not  an  easy  one,  and  it  is  not  surpris¬ 
ing  that  such  studies  are  difficult  to  find  in  the  literature. 
Only  in  a  few  areas  are  the  mechanisms  understood  or  else 
receiving  proper  study.  These  areas  include  the  sieve  type 
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membrane  which  functions  only  by  sire  exclusion;  the  perma- 
selective  membranes  whose  basic  mechanism  is  well  known,  and 
the  biological  membranes  which  are  receiving  intensive  study. 
For  the  large  remainder,  comparatively  little  is  known.  One 
point  seems  clear,  however;  an  adequate  study  of  the  inhibiting 
mechanisms  of  a  particular  membrane  cannot  be  made  without 
knowledge  of  the  exact  chemical  identity  of  the  diffusing 
particles.  Judging  from  discussions  with  other  people  engaged 
in  battery  research,  there  seems  to  be  considerable  confusion, 
at  least  with  respect  to  the  silver-rinc  battery,  as  to  which 
components  actually  move,  or  can  move  through  the  cellophane 
separators.  There  is  additional  confusion  about  the  chemical 
identity  of  these  components  in  solution.  Some  of  these  ob¬ 
scure  points  could  be  removed  by  simple  experiments.  For 
S  example,  without  knowing  the  exact  chemical  identity,  an 

*  estimate  of  the  potassium  mobility  should  be  possible  by  radio- 

.1  active  labeling  of  one  portion  of  the  solution.  This  is  inde- 

'  pendent  of  the  fraction  of  current  carried  by  potassium  because 

ordinary  diffusion  will  occur.  Whatever  the  choice  of  the 
'  isotope,  it  must  emit  gamma  rays,  since  a  and  3  particles  are 

stopped  by  the  solution  and  are  consequently  undetectable.  For 
.  potassium,  a  usable  isotope  might  be  which  emits  p'^^and  p" 
particles  and  a  gamma  ray,  with  a  half  life  of  1,4  x  10^  years. 
Other  studies  of  tWs  type  using  Ag^^^  and  Zn°^  have  been  per¬ 
formed  by  Palagyi^^^”^^^  apparently  without  deleterious  side 
effects,  so  that  the  technique  can  probably  be  applied  to  the 
other  components. 


J.  Boundary  Barriers 

There  exist,  in  addition  to  the  conventional  membranes  and 
separators,  many  other  barriers  to  the  flow  of  material  such  as 
liquid  junctions,  lipoid  membranes,  and  in  general  any  region 
(or  boundary)  in  which  there  is  a  rapid  change  in  physical  or 
chemical  properties.  Lipoid,  or  lipid  membranes,  are  of  inter¬ 
est  to  biologists  and  will  be  discussed  in  another  place. 

Many  older  references  such  as  Maclnnis^^  discuss  liquid 
junctions  and  liquid  junction  potentials,  although  they  contain 
no  satisfactory  treatment  of  diffusion  through  these  jynctions. 
However,  a  recent  article  by  Rosano,  Duby  and  Schulman-^^^ 
studies  the  flux  of  salt  and  water  through  non-aqueous  liquid 
membranes  in  a  simple  yet  interesting  way  based  upon  the  use  of 
partition  coefficients  and  the  conservation  of  matter  during 
steady  state  flows.  Here  as  in  many  other  studies  the  rate 
controlling  step  is  assumed  to  be  diffusion  through  the  inter¬ 
face.  In  addition,  activation  energies  for  diffusion  through 
the  interface  are  computed,  and  the  effects  of  hydration  are 
discussed.  A  far  more  rigorous  mathematical  treatment  of  dif¬ 
fusion  through  (or  acrossy  interfaces  is  given  by  Scott  et  al^^^O 
and  Auer  and  Murbach.^' 
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The  subject  of  monolayers  and  natural  membranes  is  treated 
nicely  in  a  recent  article  by  M,  Blankj^T  it  deserves  to  be 
reviewed  here  in  some  detail. 

The  use  of  Pick’s  law  in  monolayer  studies  is  severely 
questioned  by  Blank  on  the  grounds  that  unavoidable  fluctuations 
in  the  thickness  cause  variations  in  the  diffusion  constant  D. 
These  same  fluctuations  in  the  thickness  or  density  explain  why 
a  monolayer  is  more  permeable  than  a  solid,  even  though  the 
state  of  aggregation  of  the  molecules  is  much  the  same.  The 
permeability  is  governed  by  the  instantaneous  arrangement,  not 
by  the  average.  Molecular  jumps  in  the  permeation  process  seem 
to  be  an  all  or  none  affair,  so  that  for  small  thicknesses  such 
as  monolayers  a  strong  dependence  on  thickness  should  be  ex¬ 
pected.  However,  with  ordinary  membranes  the  number  of  jumps 
is  large  enough  so  that  the  thickness  variations  are  not  import¬ 
ant,  making  D  constant  over  the  surface  and  Pick’s  law 
applicable. 

Blank  mentions  that  the  effect  of  hydration  may  be  viewed 
in  two  ways.  One  viewpoint  is  that  the  rate  of  migration 
across  the  interface  or  boundary  is  retarded  by  the  presence  of 
the  extra  step  involved  in  dehydration.  The  other  is  that  the 
rate  is  decreased  by  the  presence  of  the  potential  barrier  pre¬ 
sented  in  the  dehydration  process.  Blank  also  recommends  the 
use  of  partition  coefficients  in  the  analysis  of  monolayers  and 
liquid  membranes  (see  Rosanano  et  al^^l). 

The  permeation  of  lipid  monolayers  is  either  by  dissolving 
or  by  passage  through  channels  (pores),  depending  upon  the  sol¬ 
ubility  of  the  permeate  in  the  lipid  material.  The  assumption 
that  membrane  characteristics  can  be  approximated  by  monolayer 
properties  has  led  to  a  model  of  a  homogeneous  (lipid)  membrane 
having  functional,  or  transient,  pores.  This  eliminates  the 
need  for  a  complicated  mosaic  model  having  both  lipid  and  pore 
regions  for  some  membranes.  Finally,  Blank  mentions  that  the 
presence  of  inert  substances  such  as  water  can  affect  the 
permeability  of  monolayers  to  gases  (causing  a  net  decrease). 

K.  Transport  Number 

Kressman  and  Tye®^  studied  the  concentration  dependence  of 
the  transport  number  for  current  carrying  ions  passing  through 
a  permaselective  membrane.  The  startling  nature  of  their  con¬ 
clusions  makes  them  worthy  of  further  discussion.  Kressman  and 
Tye  assume  that  under  perfect  conditions  there  is  only  one  cur¬ 
rent  carrying  ion  which  can  pass  through  the  membrane  and  that 
its  true  transport  number  t  is  a  monotonic  decreasing  function 
f(C)  =  f’(C)  of  concentration.  The  symbols  C  and  C  refer  to 

the  concentrations  of  the  electrolyte  in  the  solution  and  in 
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the  membxane  respectively.  The  subscript  D  refers  to  the 
portion  of  the  system  donating  the  ion  to  the  membrane,  and  the 
subscript  R  refers  to  the  part  of  the  system  receiving  the  ion 
from  the  membrane  and  the  D  side.  As  an  illustration  of  their 
reasoning,  consider  the  case  where  C[)  <  .  This  implies 

<  ^R  and  f'(^D)  >  f’C^R).  With  a  current  passing  through 
the  membrane,  the  change  in  concentration  of  electrolyte  in  one 
sq.  cm.  of  the  membrane  per  sec  is  given  by 

i[f(Cjj)  -  f(Cj^)3A 

with  i  >  0.  The  inequalities  imply  the  change  must  be  an 
increase;  and  furthermore,  this  increase  only  ceases  when 
has  become  equal  to  C{;^,  at  v^ich  point  steady  state  prevails. 
Hence,  in  the  steady  state  the  transport  number  of  the  ion  can 
depend  only  upon  the  concentration  of  the  receiving  side.  This 
is  a  marked  contradiction  to  the  common  assumption  that  the 
current  density  is  proportional  to  the  concentration  gradient 
across  the  membrane. Further  variations  of  the  problem  are 
examined  by  Kressman  and  Tye  with  similar  conclusions;  the 
transport  number  depends  either  upon  Cq  or  Cr  alone  or  in  some 
instances  upon  the  concentration  value  Cjy^,  for  which  t  is  a 
minimum  (in  this  case  the  addition  of  the  term  K’C  to  f'(C) 
allows  t  to  have  a  minimum  without  contradiction).  Experimental 
evidence  is  included  in  their  paper,  but  more  work  should  cer¬ 
tainly  be  conducted  along  these  lines. 

L.  Membrane  Mechanism 

The  subject  of  permaselective  or  ion-selective  (cation  or 
anion)  membranes  has  been  broached  in  several  places,  but 
without  explanation  of  exactly  what  they  are  or  how  they  func¬ 
tion.  The  identifying  feature  of  this  class  of  membranes  is 
their  ability  to  restrict  the  flow  of  cations  (or  anions) 
without  causing  excessive  decrease  in  the  mobility  of  the  other 
species.  This  action  is  accomplished  by  the  presence  of  fixed 
charges  within  the  pores  of  the  membrane.  Positive  (or  nega¬ 
tive)  charges  firmly  anchored  within  the  membrane  will  repel 
the  positive  (or  negative)  ions  in  the  solution,  thus  blocking 
their  movement  through  the  pores.  On  the  other  hand,  the 
negative  (or  positive  /  xr»  e  solution  are  attracted  by 

the  fixed  positive  (or  negative)  charges,  and  despite  a  tend¬ 
ency  for  them  to  become  gapped,  they  are  able  to  travel 

through  the  pores. ^^2-152 

There  are  several  possible  ways  to  account  for  the  fixed 
charges  in  the  membrane.  Sollner,  for  example,  assumes  the 
membranes  contain  molecules  which  can  become  oriented  so  that 
strong  polar  ends  are  projecting  into  a  channel.  Another 
possible  mechanism  is  the  preferential  adsorption  of  ions  on 
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the  membrane — and  hence  on  the  pore — surfaces.  Of  note  here 
is  the  tendency  for  ions  in  solution  to  attach  themselves  to 
radicals  in  the  membrane  with  v^ich  they  would  react  strongly 
if  the  radicals  were  themselves  free. 


Industrial  uses  in  fields  like  electrodialysis^^^*^^  were 
easily  found  for  ion-selective  membranes,  which  may  account 
for  the  abundance  of  literature  material  devoted  to  them.  Some 
of  tbe.ipflterial  such  as  the  work  of  Sollner  and  Gregor^^2-152, 
54-57,117-119,52  included  in  the  bibliography  for  this 
report;  however,  this  represents  only  a  small  portion  of  the 
available  reports.  Further  information  is  available  in  jour¬ 
nals  such  as  J.  Phys.  Chem. ,  or  may  be  located  through  use  of 
the  Chem.  Abstracts.  Permaselective  membranes  are  often 
listed  in  these  references  under  the  name  of  "ion-exchange 
membranes"  so  that  some  confusion  may  occur.  The  literature 
on  true  "ion-exchange  membranes,"  which  function  by  the  actual 
exchange  of  ions  between  the  solution  and  the  membrane,  is 
also  very  plentiful  and  easy  to  locate  if  information  on  them 
is  required. 


M.  Charge  Transfer 


"Diffusion  and  Membrane  Technology"  by  Tuwiner^^^  presents 
a  fair  survey  of  the  various  fields  of  activity,  both  scienti¬ 
fic  and  industrial,  in  problems  relatina  to  diHusion.  One  of 
the  topics  discussed  by  Tuwiner^^^vP-^^T  and  to  a  far. greater 
extent  by  Glas stone,  Laidler  and  Eyringi^BCpp. 559-575)  ig  the 
abnormal  mobility  of  the  hydronium  ion  (and  others)  in 
hydroxylic  solvents.  These  ions  have  extremely  high  mobilities 
which  are  attributed  to  transfer  reactions  between  the  ion  and 
the  solvent  in  the  direction  of  the  diffusion.  Typical  of  this 
type  of  process  is  the  reaction  between  water  and  the  hydronium 
ion  which  is  represented  as: 


direction  of  diffusion  -* 


Similar  mechanisms  will  certainly  enhance  the  movement  of 
some  ions  through  the  pores  of  membranes  and  perhaps  jn  a  few 
cases  where  the  transport  does  not  occur  through  physical  holes. 

N.  Biological  Problems 

Throughout  the  body  of  an  animal,  from  the  surface  skin  to 
the  cell  walls,  the  phenomenon  of  membrane  transport  is  intim¬ 
ately  connected  with  respiration,  reproduction,  metabolism,  and 


21 


NOLTR  64-136 


the  other  life  processes.  There  is  ample  justification  for 
the  deep  interest  biologists  have  in  membranes,  and  it  is  not 
surprising  to  learn  that  they  have  contributed,  and  are  still 
contributing,  much  of  the  inqportant  research  in  this  field. 
Advance  in  biological  research  is  hindered  by  the  complexity  of 
and  insufficient  knowledge  about  living  organisms,  and  often  by 
the  necessity  for  experimental  conditions  closely  approximating 
the  real  environment.  However,  some  simplifications  may  result 
from  the  absence  of  large  electric  potentials  and  by  the  pres¬ 
ence  of  large  particles  (cells,  molecules  or  ions)  which  are 
excluded  from  many  membranes  by  physical  size  alone.  There  are, 
of  course,  some  problems  studied  by  scientists  in  the  biologi¬ 
cal  fields  that  are  not  seriously  examined  by  other  investiga¬ 
tors;  an  important  example  of  this  is  Donnan  equilibrium.  As 
the  name  implies,  this  is  an  equilibrium  situation;  it  occurs 
in  the  simplest  form  when  a  membrane  separates  two  solutions 
having  a  common  ion  free  and  one  of  which  contains  an  ion  too 
large  for  passage  through  the  membrane  pores.  The  Donnan  Theory 
gives  a  final  expression  for  the  equilibrium  concentration.  An 
elementary  discussion  of  this  is  available  in  the  text  by 
Clark. Far  more  advanced  treatments  and  references  to 
additional  literature  are  given  in  the  articles  by  Hill. 65 » 66 

Many  biological  membranes,  cell  walls,  for  example,  are 
composed  of  lipid  materials.  These  fat-like  substances  may 
well  pass  particles  by  a  mechanism  generally  not  considered  for 
the  more  solid,  inanimate  membranes.  Early  studies,  for  example, 
showed  that  the  permeability  of  lipid  membranes  to  many  chemi¬ 
cals  increased  with  their  solubility  in  the  lipid  substance. 
Further  studies,  however,  have  indicated  the  existence  of  pores 
in  these  membranes. 24  Another  possibility  is  the  combination 
of  the  diffusate  with  a  "carrier"  in  the  membrane.  Biologists 
have,  however,  been  forced  beyond  consideration  of  these  elem¬ 
entary  (basically  physical)  mechanisms.  More  imaginative 
chemical  schemes  such  as  the  sodium,  or  redox  pump,  have  been 
advanced  to  help  explain  the  occurrence  of  "active  transport." 
This  term,  which  will  presumably  disappear  as  understanding 
increases,  is  used  to  designate  situations  in  which  the  flux 
predicted  by  consideration  of  chemical  and  electrical  gradients 
is  vastly  different  in  magnitude  and  often  direction  in  exper¬ 
imental  situations.  For  instance,  experiment824  on  frog  skins 
indicate  they  are  able  to  take  in  Na'*’  from  the  environment 
against  concentration  gradients  as  great  as  1000:1,  Further¬ 
more,  the  transfer  is  completely  specific  with  respect  to 
sodium;  there  is  no  potassium  or  calcium  transfer  even  though 
the  electrochemical  gradients  favor  such  motion.  Experiments 
also  indicate  that  the  chloride  ion  transport  is  "passive,"  and 
that  the  membrane  potential  developed  is  a  direct  function  of 
the  sodium  flux.  Other  instances  of  similar  phenomena  are 
mentioned  by  Hartley. 60 
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Only  a  few  biologically  oriented  articles  have  been 
reviewed  for  this  report,  and  most  of  these  come  from  the  1956 
"Discussions  of  the  Faraday  Society,"  Vol.  21.  Much  more  mater¬ 
ial  is  available  in  the  biological  literature,  especially  in 
the  physiology  journals,  and  if  a  new  literature  survey  is 
desired  in  the  near  future,  this  is  where  it  should  begin. 

0.  Measurements 


The  subject  of  measurements  and  measurement  techniques  is 
important  in  any  field  of  science.  This  is  particularly  true 
in  the  study  of  diffusion  due  to  the  difficulties  in  obtaining 
respectable,  if  not  very  accurate,  results,  and  the  confusion 
resulting  from  improper  conceptions  about  the  measured  quanti¬ 
ties.  The  misconceptions  concerning  diffusion  constants  and 
the  effects  of  changing  from  one  frame  of  reference  to  another 
can  be  removed  by  consulting  the  reference  books  on  diffusion. 
Crank'®  devotes  an  entire  chapter  to  "The  Definition  and  Meas¬ 
urement  of  Diffusion  Coefficients,"  while  Bird,  Stewart  and 
Lightfoot^®  emphasire  throughout  their  work  the  differences 
between  various  types  of  diffusion  constants.  The  formulation 
of  the  diffusion  equation  determines  the  type  of  diffusion 
constant;  proper  measurements  must  then  be  made  for  D  to  be  a 
meaningful  quantity.  The  proper  definition  of  the  diffusion 
constant  is  not  the  only  source  of  confusion  and  error. 
Duncan44  discusses  the  thermodynamic  definitions  of  membrane 
electromotive  forces  and  of  flows  of  electrolytic  solutes. 
Irani  and  Adanson'®  study  the  thermodynamic  complications  in 
the  testing  of  existing  diffusion  theories. 


General  discussions  of  measurement  techniques  are  avail¬ 
able  in  the  review  article  by  Johnson  and  Bab^o  gnd  also  in 
Chapter  3  of  Tuwiner.^^®  These  references,  if  combined,  will 
give  a  fair  picture  of  the  methods  available,  but  they  are 
short  on  details.  Experimental  determination  of  factors  such 
as  porosity,  pore  size,  and  other  quantities  important  to  the 
pressure  flow  of  fluids  through  porous  media  is  discussed  by 
Scheidegger.  For  measurements  on  diffusion  there  are  several 
optical  techniques  based  on  the  refractive  index  gradients, 
and  interference  patterns  resulting  from  concentration  dif¬ 
ferences.  These  methods  are  extremely  valuable  because  they 
permit  non-destructive  measurements  to  be  made  on  diffusion 
systems.  More  detailed  information  on  these  optical  techniqu 
is  available  in  articles  by  Dunlop  and  Costing, Kim,  Patel 
and  Kegles, O’Brien  and  Rosenf ield,i21  Bryngdahl  and 

Ljunggren,®2  Creeth  and  Costing, and  Creeth.®^ 


es 


Additional  references  on  measurement  techniques  used  in 
specific  experiments  are,  of  course,  available  in  many  of  the 
articles  listed  in  the  bibliography.  The  accompanying  titles 
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should  provide  some  guidance  in  the  selection  of  articles  for 
the  purpose. 


CONCLUDING  REMARKS 

The  last  section  on  measurement  techniques  concludes  the 
discussion  of  the  literature  that  was  reviewed  for  the  separa¬ 
tor  study.  All  of  the  articles  studied  for  this  report  are 
included  in  the  accompanying  bibliography,  but  not  all  of  them 
have  been  mentioned  here  in  previous  discussions.  Additionally, 
by  aiming  for  a  broad  coverage  with  concentration  in  the  more 
important  areas  of  research,  a  large  amount  of  literature  has 
been  neglected.  A  fair  number  of  these  articles  can  be  found 
fairly  quickly,  if  necessary,  because  they  belong  to  specific 
areas  that  for  one  reason  or  another  were  purposely  ignored. 

For  these  topics,  hopefully  all  included  in  the  following  list, 
there  are  many  unlisted  articles  available  in  the  major  chemi¬ 
cal  and  physical  chemical  journals. 

1.  Permaselective  membranes  (best  source,  probably 
Journal  of  Physical  Chemistry. 

2.  Gaseous  diffusion  (Journal  of  Physical  Chemistry. 
Journal  of  Chemical  Physics,  and  standard  diffusion  texts). 

3.  Electroanalytic  chemistry  (including  topics  such  as 
potentiometry,  voltametry,  etc.).  Journal  of  Electroanalytical 
Chemistry. 

4.  Chemical  engineering  articles  concerning  diffusion 
such  as  those  which  are  generously  included  in  the  American 
Institute  of  Chemical  Engineers  Journal. 

5.  Diffusion  time  lag  studies  (Journal  of  Physical 
Chemistry) . 

6.  Diffusion  of  non-electrolytes  (Journal  of  Physical 
Chemistry,  Transactions  of  the  Faraday  Society).  Furthermore, 
neither  the  biological  journals  nor  the  foreign  language  publi¬ 
cations  have  been  reviewed.  There  is  ample  material  for  a 
continuation  of  the  literature  survey. 

Before  concluding  the  report,  I  should  like  to  present 
two  personal  ideas  which  might  be  worthy  of  further  considera¬ 
tion;  both  directly  concern  the  silver  oxide-zinc  battery  and 
its  cellophane  separator. 

One  of  the  goals  of  separator  research  is  to  decrease  the 
internal  impedance  of  batteries,  especially  those  designed  for 
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high  current  operations.  Cellophane,  which  is  the  most  success¬ 
ful  known  separator  material  for  AgO-Zn  batteries,  apparently 
owes  its  effectiveness  to  chemical  reaction — its  ability  to 
reduce  silver  ions  to  neutral  molecules. ^ '8^ »^31R  Hence,  a 
possible  means  for  increasing  the  permeability  of  the  cello¬ 
phane  to  the  current  carriers  without  destroying  its  effective¬ 
ness  as  a  separator  is  by  increasing  the  size  of  the  pores. 

Craig  and  Konigsburg^  found  that  cellophane  would  not  return 
to  its  original  size  after  being  stretched;  and  by  their  esti¬ 
mation  a  20%  increase  in  pore  size  could  be  produced.  Their 
experiments  showed  the  time  required  for  50%  of  one  diffusate 
(ribonuclease)  to  pass  through  the  membrane  could  be  reduced 
from  6.6  hours  to  0.9  hour.  Unfortunately,  only  high  molecular 
weight  organic  substances  were  used  in  the  experiments.  Since 
the  physical  stretching  decreases  both  the  thickness  and  the 
density  per  unit  area,  it  may  be  necessary  to  use  an  additional 
layer  of  cellophane  to  provide  the  same  effectiveness  as  a 
separator.  This  addition  will  decrease  the  permeability  of 
the  separator,  but  Poiseuille’s  law — although  not  applicable  to 
flux  of  material  through  cellophane — indicates  that  there  should 
still  be  a  net  gain  in  permeability.  The  actual  dependence  of 
the  flow  rate  upon  thickness  and  pore  size  should  be  (at  least) 
somewhat  similar  to  the  (pore  radius )‘^/length  dependence  pre¬ 
dicted  by  Poiseuille’s  law.  That  is,  the  size  of  the  physical 
openings  should  be  far  more  important  than  the  thickness  for 
changing  the  permeability. 

Blocking  the  movement  of  silver  ions  is  ostensibly  the 
major  function  of  the  separator  in  the  AgO-Zn  battery.  Although 
this  is  accomplished  effectively  by  cellophane,  it  is  desirable 
to  have  a  separator  that  degrades  less  rapidly  in  concentrated 
KOH  solutions.  Many  of  the  attempts  to  develop  new  membranes 
resistant  to  chemical  attack  are  centered  around  modifying 
cellophane  to  reduce  the  degradation,  or  trying  other  materials 
which  are  chemically  similar  to  cellophane.  As  an  alternate 
procedure,  it  might  be  possible  to  introduce,  either  into  the 
KOH  solution  or  between  the  separators,  a  chemical  substance 
which  will  either  combine  with  the  silver  ion  complex  to  change 
the  sign  (and  probably  magnitude)  of  its  valence,  or  to  tie  up 
the  silver  ion  complex  so  that  it  is  unabla  to  pass  through  the 
separator. 
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APPENDIX  I 
List  of  Symbols 

1.  A  surface  area 

2.  a  activity  coefficient 

3.  C  concentration 

4.  D  diffusion  coefficient  (constant) 

5.  diffusion  coefficient  in  an  n-component  system 

6.  E  electric  field 

7.  F  Faraday's  constant 

8.  f(C)  concentration  dependence  of  the  transport  number  in 

free  solution 

9.  f’(^)  concentration  dependence  of  the  transport  number  in 

the  membrane 

* 

10.  frictional  force  between  the  ith  and  the  ath  com- 

®  ponent 

11.  i  electric  current 

12.  J  flux  of  diffusate  per  unit  area  per  second 

13.  K'  proportionality  constant 

14.  k  rate  constant  or  specific  rate  constant 

15.  phenomenological  coefficient 

16.  1  membrane  thickness 

17.  Nq  Avogadro’s  number 

18.  N  mole  fraction 

19.  N'  mole  fraction  on  the  membrane  surface 

20.  n  number  of  moles 

21.  R  gas  constant 
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22. 

X 

particle  radius 

23. 

friction  coefficient 

24. 

Is 

rate  of  production  of  entropy  per  second 

25. 

T 

temperature 

26. 

t 

time 

27. 

transport  number 

28. 

u 

mobility 

29. 

molar  volume 

30. 

''i 

velocity  of  the  particles  of  the  ith  species 

31. 

jth  force 

32. 

X 

distance  coordinant 

33. 

2i 

valence  (number  of  electron  charges) 

34. 

r\ 

viscosity 

35. 

A 

conductance 

36. 

X 

distance  between  potential  minima 

37. 

chemical  potential 

38. 

cp 

electric  potential 

39. 

the  Laplacian 
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